INTRODUCTION
============

Breast cancer is a clinically diverse disease, with differences among tumors that are driven by multiple genetic alterations and molecular events \[[@B1]\]. One such genetic alteration in breast cancer is amplification of the chromosome locus 11q13, which harbors the cyclin D1 gene, *CCND1* \[[@B2]\].

Cyclin D1 is a crucial cell cycle regulator that promotes progression through G1 and into S phase. Previous studies have established that cyclin D1 has oncogenic capacity \[[@B3]\]. Over 50% of all primary breast cancers overexpress cyclin D1. The *CCND1* gene, which produces cyclin D1, is only amplified in approximately 15% of breast tumors that overexpress cyclin D1 \[[@B3],[@B4],[@B5]\]. The prognostic and predictive value of cyclin D1 overexpression is still controversial because past studies have found that cyclin D1 overexpression can be related to either good \[[@B6],[@B7],[@B8]\] or poor \[[@B9],[@B10]\] prognosis, while *CCND1* gene amplification has been consistently shown to correlate with early relapse and poor prognosis.

To resolve the inconsistencies of previous studies, we examined the relationship between cyclin D1 overexpression and disease specific survival (DSS), recurrence-free survival, and postrecurrence survival.

METHODS
=======

Patients
--------

We retrospectively identified patients diagnosed with primary breast cancer who completed all phases of their primary treatment at Wonju Severance Christian Hospital between April 2005 and December 2010. The study was approved by the respective Institutional Review Board (0000-12-5-035).

Primary treatment for patients with breast cancer was determined according to the National Comprehensive Cancer Network guidelines and the Health Insurance Review & Assessment Service of Korea (HIRA, <http://www.hira.or.kr>). In brief, the guidelines for breast cancer patients recommend the use of anthracycline-based regimens for patients without nodal metastasis, anthracycline plus taxane-based regimens for patients with lymph node metastasis, antihormonal therapy for patients with estrogen receptor (ER)-positive cancer, and trastuzumab for patients with human epidermal growth factor receptor 2 (HER2)-positive cancer.

Medical records were used to ascertain patients\' medical histories, including age, sex, and pathology results such as tumor size, lymph node status (number of positive lymph nodes, number of nodes examined), hormonal receptor status, and HER2 status. We obtained survival data from the breast cancer database at Wonju Severance Christian Hospital and the Korean National Cancer Center database. Patients with bilateral disease, stage IV disease, or inflammatory breast cancer, and patients lacking pathology results, were excluded from this study. For disease specific survival mortality, only patients who died specifically from breast cancer, and not as the result of a different disease, were included. Recurrence-free survival was defined as the time from the start of primary treatment to the time of first locoregional recurrence, distant recurrence, or contralateral disease.

Pathological characteristics
----------------------------

### Immunohistochemical staining for ER, progesterone receptor, and HER2

All immunohistochemical staining was observed by light microscopy. A cutoff value of 1% or more positively stained nuclei was used to determine ER and progesterone receptor (PR) positivity. HER2 staining was analyzed according to the American Society of Clinical Oncology and College of American Pathologists guidelines using the following categories: 0, no staining; 1+, weak, incomplete membranous staining in less than 10% of tumor cells; 2+, complete membranous staining, either uniform or weak, in at least 10% of tumor cells; and 3+, uniform, intense membranous staining in at least 30% of tumor cells. HER2 immunostaining was considered to be \"positive\" in specimens that received a score of 3+, whereas scores of 0 to 1+ were regarded as negative. Cases given a score of 2+ were evaluated for HER2 amplification by fluorescence *in situ* hybridization.

### Immunohistochemical detection of cyclin D1

Sections 4 µm thick were serially cut from formalin-fixed, paraffin-embedded tissue samples and mounted on precoated slides. The anticyclin D1 rabbit monoclonal antibody SP4 (100 µL, dilution 1:50; LabVision, Fremont, USA) was used to detect cyclin D1. Immunohistochemical staining was performed using the Ventana HX BenchMark platform (Ventana Medical Systems, Tucson, USA) according to the manufacturer\'s protocol for automated staining.

Cyclin D1 expression levels were determined semiquantitatively based on the nuclear staining intensity and positive nuclear staining fraction of tumor cells. The staining intensity was given a score from 0 to 3: 0, negative (no staining of any nuclei, even at high magnification); 1, weak (only visible at high magnification); 2, moderate (readily visible at low magnification); or 3, strong (striking positive staining, even at low magnification). The tumor cells were also graded on a scale of 0 to 5+ based on the percentage of cells with nuclear staining: 0, no cells with nuclear staining; 1+, \<1% of cells; 2+, 1% to 9% of cells; 3+, 10% to 32% of cells; 4+, 33% to 67% of cells; or 5+, \>67% of cells. We used the staining intensity scores and the scores from the positive nuclear fraction analysis to calculate Allred scores ([Figure 1](#F1){ref-type="fig"}) \[[@B2],[@B11]\].

Statistical analysis
--------------------

Frequency distributions of categorical variables among various groups were compared using chi-square tests. Fisher exact tests were used if the expected frequencies were \<5. Disease-specific survival curves were calculated using the Kaplan-Meier method with log-rank tests. The Cox proportional hazards model was used for multivariate analyses. Statistical analyses were performed using SPSS software version 20.0 (IBM, Armonk, USA). *p*-values \<0.05 were considered statistically significant.

RESULTS
=======

Patient demographics
--------------------

We identified 253 patients diagnosed with breast cancer who completed treatment, and 236 of these patients were eligible for analysis. Patients with bilateral disease (n=1), stage IV disease (n=8), or inflammatory breast cancer (n=4), and those lacking pathology results (n=4), were excluded from our analysis. Baseline patient characteristics are summarized in [Table 1](#T1){ref-type="table"}. The mean age at diagnosis was 51.6 years. The average tumor size was 2.55 cm, and 63.6% of patients were node-negative. In our population, 66.1% of patients were ER-positive, 69.5% were PR-positive, and 22.9% were HER2-positive. Cyclin D1 was overexpressed in 81.4% of the patients.

Cyclin D1 and clinicopathologic factors
---------------------------------------

Cyclin D1 overexpression was related to lower histologic grade (*p*=0.001), ER-positivity (*p*\<0.001), PR-positivity (*p*\<0.001), and non-triple negative breast cancer (TNBC) (*p*\<0.001) ([Table 2](#T2){ref-type="table"}).

Disease-specific survival
-------------------------

DSS was significantly lower in patients with a higher T stage (*p*=0.002) or higher N stage (*p*\<0.001). Cyclin D1 overexpression was significantly associated with longer DSS (5-year DSS, 89.9% of patients without overexpressing tumors vs. 98.9% of patients with overexpressing tumors, *p*=0.008) ([Table 3](#T3){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}). In a multivariate analysis of T stage and N stage tumors, cyclin D1 overexpression remained significantly associated with better DSS. The hazard ratio for disease-specific mortality of the group without cyclin D1 overexpression was 7.97 (CI, 1.17-54.22; *p*=0.034) ([Table 4](#T4){ref-type="table"}).

Cyclin D1 and recurrence-free survival, indolence, and postrecurrence survival
------------------------------------------------------------------------------

Cyclin D1 overexpression did not significantly correlate with a difference in recurrence-free survival (median of recurrence-free survival time \[MST\], 15 months for patients with tumors expressing cyclin D1 vs. 25 months for patients with tumors that did not overexpress cyclin D1, *p*=0.269) ([Figure 3](#F3){ref-type="fig"}). Also, cyclin D1 overexpression was not associated with any site-specific predisposition for metastasis. For example, cyclin D1 expression was not correlated with more cases of bone metastasis, or more cases of visceral metastasis (*p*=0.580).

Finally, we found that patients with cyclin D1 overexpression survived significantly longer after disease recurrence than patients without cyclin D1 overexpression (MST, 61 months vs. 26 months, *p*=0.012), implying that cyclin D1 overexpression may indicate more indolent postrecurrence disease progression ([Figure 3](#F3){ref-type="fig"}).

DISCUSSION
==========

Previous studies have found associations between overexpression of cyclin D1 and breast cancer subtypes that are more indolent, are ER-positive, and have a better prognosis \[[@B3],[@B12],[@B13]\]. In this study, we found that cyclin D1 overexpression was significantly correlated with ER- and PR-positivity, lower histologic grade, and the non-TNBC subtype. These relationships indicate that cyclin D1 overexpression is associated with types of breast cancer that have good prognostic features. Cyclin D1 is known to play a pivotal role in estrogen-induced breast cancer, since estrogen action is mediated through transcriptional activation of cyclin D1 and c-myc \[[@B3],[@B12],[@B14],[@B15],[@B16]\]. This evidence suggests that cyclin D1 plays a critical role in human breast cancer cell cycle control. Cyclin D1 is also known to regulate the growth of estrogen responsive tissues through ligand-independent ER activation \[[@B3],[@B17],[@B18]\]. Cyclin D1 can bind to the hormone-binding domain of ER, promoting ER association with one of its coactivators and resulting in upregulation of ER-mediated transcription through a cyclin dependent kinase (CDK)-independent mechanism. This estrogen-independent ER-agonistic role of cyclin D1 could underlie the oncogenic pathway in ER-positive breast cancer \[[@B3],[@B17],[@B18],[@B19]\]. However, the prognostic significance of cyclin D1 overexpression for breast cancer seems to be inconsistent \[[@B2],[@B12],[@B20]\]. Amplification of the *CCND1* gene at the chromosome locus 11q13 has even been reported to be a potentially negative prognostic factor. Our findings indicate that cyclin D1 overexpression is significantly correlated with increased disease specific survival.

The conflicting views of the prognostic significance of cyclin D1 stem from the fact that cyclin D1 is thought to play a pivotal role in breast cancer progression \[[@B3],[@B5],[@B21]\]. Patients with cyclin D1 overexpressing breast cancer have a better prognosis in terms of longer disease-free survival and overall survival, but cyclin D1 is thought to play a pivotal role in breast cancer progression, making it indicative of poor prognosis when progression is the factor being considered \[[@B2],[@B12],[@B20],[@B22]\]. We believe a reason for the conflicting information found in the literature has to do with the fact that breast cancer that overexpresses cyclin D1 may progress through more indolent evolutional pathway among several various evolutionary pathways \[[@B11]\], resulting in less aggressive or more dormant breast cancer. It was initially believed that a CDK-dependent function of cyclin D1 resulted in progression through the G1 phase of the cell cycle, and that the associated enhanced cellular proliferation was the mechanism of its oncogenic potential \[[@B3],[@B5],[@B21],[@B23]\]; however, evidence from various clinical studies has failed to support this hypothesis. Therefore, it has been suggested that there may be an alternative, CDK-independent function that results in tumorigenesis \[[@B3]\]. Recent studies have shown that cyclin D1 can interact with a variety of transcription factors such as androgen receptor, dentin matrix acidic phosphoprotein 1, CCAAT enhancer binding protein b, and histone acetylases and deacetylases that are independent of CDKS, suggesting that cyclin D1 may function as a transcriptional regulator in addition to its well-established CDK-dependent role in cell cycle progression \[[@B3],[@B8],[@B13],[@B24],[@B25],[@B26],[@B27],[@B28]\]. From these past studies, we reasoned that breast cancer that overexpresses cyclin D1 may progress through one of these evolutionary pathways \[[@B13],[@B29],[@B30]\], resulting in less aggressive or more dormant breast cancer.

We analyzed recurrence-free survival because most breast cancer deaths are due to metastatic disease, not from the primary tumor, and we suspected that cyclin D1 overexpression was associated with a difference in recurrence-free survival. However, we found that there was no difference in recurrence-free survival between patients that had tumors that overexpressed cyclin D1 and those that did not.

Next, we analyzed survival after disease recurrence to try to understand why there was a statistical difference in DSS, but not in recurrence-free survival. We found that patients with cyclin D1-overexpressing breast cancer lived longer, though this did not mean they lived a disease-free life. Other previous studies that reported that cyclin D1 overexpression was significantly associated with longer overall survival also failed to show a significant difference in disease-free survival.

Though metastatic breast cancer is currently an incurable disease, it is treatable with serial administration of endocrine, cytotoxic, and biologic therapies. It is critical that we gain a better understanding of the features that underlie the clinical course after disease recurrence in order to identify potential candidate biomarkers or targets for the subgroup of patients with more indolent disease progression, even after disease recurrence. We suggest that our results give a reasonable basis for future studies of cyclin D1 as a candidate target for patients who have longer survival even though they are not disease-free.
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![Microphotographs showing cyclin D1 positive and negative tumors. (A) Cyclin D1 positive breast cancer with histologic grade 1 (H&E stain, ×40) and (B) same tumor with immunohistochemical staining of cyclin D1 and it showed more than 60% tumor cells were cyclin D1 positive (immunohistochemical stain for cyclin D1, ×400). (C) Cyclin D1 negative breast cancer with histologic grade 3 (H&E stain, ×40) and (D) same tumor with immunohistochemical staining showed no cyclin D1 positive cells (immunohistochemical stain for cyclin D1, ×400).](jbc-17-47-g001){#F1}

![Kaplan-Meier curves for disease specific survival stratified by cyclin D1 overexpresson. Kaplan-Meier survival curve for patients with (solid line) or without (dotted line) cyclin D1 overexpression showed statistically significant different overall survival (*p*=0.008).](jbc-17-47-g002){#F2}

![Median survival time (MST) of recurrence free survival and survival after recurrence by cyclin D1 overexpression in patients with experienced recurrence. Cyclin D1 overexpression was not correlated with a difference in recurrence free survival (*p*=0.269) but significantly associated with increased survival after disease recurrence (*p*=0.012).\
RFS=recurrence free survival.](jbc-17-47-g003){#F3}

###### 

Patients\' characteristics (n=236)

![](jbc-17-47-i001)

DCIS=ductal carcinoma *in situ*; IDC=invasive ductal carcinoma; ER=estrogen receptor; PR=progesterone receptor; HER2=human epidermal growth factor receptor 2.

^\*^Mean±SD; ^†^Histologic grade was available from 184 patients.

###### 

Baseline characteristics by cyclin D1 overexpression

![](jbc-17-47-i002)

ER=estrogen receptor; PR=progesterone receptor; HER2=human epidermal growth factor receptor 2.

^\*^chi-square test; ^†^Fisher exact test.

###### 

Univariate Cox regression analysis for disease-specific mortality

![](jbc-17-47-i003)

HR=hazard ratio; CI=confidence interval; ER=estrogen receptor; PR=progesterone receptor; HER2=human epidermal growth factor receptor 2.

^\*^Reference.

###### 

Cox proportional multivariate hazard model for disease-specific mortality

![](jbc-17-47-i004)

HR=hazard ratio; CI=confidence interval.

^\*^Cox multivariate regression analysis; ^†^Reference.
